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I. INTRODUCTION
A N INTENSE laser radiation in a rarefied plasma [ , where is a laser frequency and is an electron plasma frequency corresponding to the background electron density ] is subject to parametric instabilities [1] in which both electrostatic and electromagnetic (EM) waves are excited [2] - [4] , [31] . The incident EM wave (pump wave) can be scattered by spontaneous fluctuations of an electron density that, in turn, can be amplified by the ponderomotive force on beating of the pump and scattered EM waves. Provided that certain phase matching conditions are fulfilled, the feedback loop appears, and either temporal or spatial instability develops (see, for example, [4] and [31] ). The scattering of the EM radiation off electron plasma modes is stimulated Raman scattering (SRS) [5] , [32] - [35] . The ordinary (weakly coupled) SRS through large angles is the case when the normalized amplitude of the laser electric field is much smaller than the ratio . This is a three-wave resonant process, in which a pump EM wave decays into a scattered EM wave ( , ) and a plasma normal mode , , where , and Publisher Item Identifier S 0093-3813(00)10595-8.
is a Bohm-Gross frequency of the scattering electron plasma wave (EPW). The spectrum of the scattered radiation consists of the single Stokes band, which is narrow if compared with the electron plasma frequency (i.e., the temporal increment of the instability is much smaller than ). Under the condition of strong coupling [ ], the scattering process becomes nonresonant [2] , [4] , [31] , [6] . The electron plasma modes, which participate in this process, possess the spectrum wide in comparison with the electron plasma frequency (therefore, the increment of the instability has the maximum value larger than ). Temporal growth rates for SRS in different regimes were recently reviewed in [7] . The spatiotemporal behavior of the large-angle SRS (LA SRS) of a short laser pulse was considered in [7] , [8] , [36] , [9] , [37] , [38] .
Stimulated Raman side-and backscattering is known to have a significant effect on propagation of a short ( ps), intense laser pulse in a plasma and, hence, on operation of various schemes of laser-plasma particle accelerators [10] . For nonrelativistc pulse intensities, fluid [7] , [11] and particle [12] , [39] , [13] simulations show that the LA SRS can erode the back of a lengthy pulse ( ). So, in acceleration schemes that use such pulses, the detrimental pulse erosion caused by the LA SRS should be minimized. For relativistic pulse intensities, backward SRS (BSRS) usually saturates already in the head of the pulse and erodes mainly the pulse front portion, creating a sharp leading edge (as a consequence, a strong pulse depletion due to the generation of an intense plasma wakefield occurs) [12] , [39] , [13] , [14] , [40] . Trapping of electrons in a plasma wave generated by the BSRS [4] , [31] , [15] , [41] produces fast electrons, which can be further accelerated in self-modulated laser wakefields [16] , [42] . Saturation of the LA SRS caused by the electron trapping can lead to an enhanced plasma heating [17] , [43] , [44] . A problem of reducing the population of hot electrons generated by the SRS of a short ( ps), intense ( W/cm ) laser pulse was considered in [18] for the purposes of optimization of the recombination X-ray schemes [19] . Summarizing, we conclude that establishing the conditions under which the growth of the stimulated Raman side-and backscattering can be reduced is vital for most applications of short, intense laser pulses in plasma physics.
We have already shown in previous works [20] , [21] , [45] , [46] that certain processes of the nonlinear evolution of a short laser pulse in a rarefied plasma can suppress the weakly coupled backward and near-backward SRS of a laser pulse. Namely, when an amplitude modulation of the pulse occurs with a spatial period close to (the resonant self-modulation [22] , [47] - [49] ), the LA SRS of higher frequency spectral components of the modulated pulse undergo resonant suppression [21] , [45] , [46] (see also [11] ). The decline in the temporal increment of the weakly coupled LA SRS in a plasma was noted in [20] in the case that the plasma is perturbed by a long-wavelength electron plasma wave (LW EPW) whose density perturbation normalized to the background electron density achieves the value . The effects of suppression described in [20] , [21] , [45] , and [46] are caused by the multiwave (not three-wave) nature of the scattering process, which manifests when the laser pulse consists of several spectral components or in the presence of an LW EPW. Note that different aspects of the effect of long-wavelength plasma density perturbations on parametric instabilities in plasmas have long been of interest. So, in [23] , it was shown that the presence of long-wavelength plasma turbulence could turn a convective instability into an absolute instability. Suppression of stimulated Brillouin scattering by long-wavelength density perturbations was mentioned in [24] .
The present work is aimed at studying the specific features of the LA SRS of a short laser pulse in a plasma perturbed by an LW EPW. We demonstrate that the maximum growth rate of the LA SRS in the regime of weak coupling can be greatly reduced in the presence of an LW EPW whose normalized density perturbation approaches, or exceeds, the value . Therefore, the laser pulse erosion due to the LA SRS, the condition of weak coupling being fulfilled, is less significant in the laser-plasma accelerators [10] , where the laser-driven LW EPW may achieve a relatively large amplitude such that . Decline in the growth rate of the LA SRS in the presence of an LW EPW is also established under the condition of strong coupling; that is, the maximum of the increment is reduced by one-half for and nowhere drops to zero. We have considered an opportunity to suppress the strongly coupled LA SRS in the case that the LW EPW is excited by a laser pulse having a rectangular envelope. Then, , and calculations show that the increment reduces by several times. In this paper, we address to the nonrelativistic laser intensities only ( ), whereas analogous studies for relativistic pulses are reported elsewhere [25] , [50] .
The paper is organized as follows. In Section II, we introduce nonrelativistic equations that describe the LA SRS of a laser pulse in a rarefied plasma perturbed by a linear LW EPW. (The one-dimensional (1-D) version of the basic equations, which described the direct backscatter, was reported earlier [20] .) The details of derivation of the basic equations are relegated to the Appendix, where the condition is also found under which the linear approximation of the LW EPW can be used in the theory of the LA SRS developed in the present paper.
In Section III, we consider the LA SRS of a short laser pulse in the presence of a linear LW EPW. We study the 1-D regime of spatial amplification of unstable modes in the frame of reference comoving with the pulse. Under the conditions of weak and strong coupling, we find the increments of spatial growth in the comoving frame of reference. These increments determine the maximum amplification, which can be achieved on a pulse length for the scattering angle that is large enough. For the maximum possible amplification, the ratio of the laser spot size to the pulse longitudinal size must obey the condition [9] , [37] , [38] , where denotes a scattering angle reckoned from the direction of the pulse motion. However, the total scattered energy is determined by the exact structure of the scattered EM field, which depends on the shape of the laser pulse. The question of how the shape of the pulse affects the energy losses due to the LA SRS will be answered in the other paper. We establish that the weakly coupled LA SRS in the presence of an LW EPW is an essentially multiwave process, which can be suppressed, provided . The suppression is the effect of a phase modulation of short-wavelength scattering plasma waves in the presence of an LW EPW. In a plasma perturbed by an LW EPW, the short-wavelength EPW, which are involved in the scattering process, possess a complex spectrum, which consists of a number of sidebands shifted to integer multiples of a frequency and wavenumber of an LW EPW with respect to the original normal mode (we discuss this effect in the Appendix). These sidebands, which are not normal modes, can exist only at the expense of the original normal mode, whose energy can be completely exhausted, and amplitude tends to zero for [26] , [51] . Hence, in the presence of an LW EPW, the energy originally transmitted to the single normal mode of the plasma oscillations is expended in excitation of a great number of satellites, which are not normal modes, with the effect of dramatic decrease in the growth rate of the instability. We have found that for , the Stokes band in the spectrum of the scattered EM field is strongly suppressed, whereas the anti-Stokes band at appears (however, with an increment of spatial growth small if compared with that of a Stokes band in an unperturbed plasma). Both finite electron temperature (such that ) and a deviation of a scattering angle from were found to preserve the effect of suppression. As for the strongly coupled SRS in the presence of a given linear LW EPW, modulation of the wide spectrum of electron plasma modes, which participate in the scattering process, leads to the notable effect of suppression (i.e., halves the increment of the instability), when a larger amplitude LW EPW is taken, such that . In Section IV, we summarize the results and make some conclusions.
II. BASIC EQUATIONS
To describe the LA SRS of a laser radiation in rarefied plasmas, we represent a high-frequency (HF) electric field in a plasma as c.c.
(
where the dimensionless amplitudes ( , ) refer to the pump field and the scattered radiation, respectively (the fields have an arbitrary polarization). It is assumed that the laser pulse propagates along the -axis so that , and scattering occurs through an angle reckoned from the direction of a pulse motion. We presume that the wavenumbers obey the same dispersion relation for EM waves in a plasma ; therefore, , and , where . In a highly rarefied plasma ( ), the amplitudes and are slowly varying with respect to time and space variables on scales and , respectively; that is, , , and . The laser pulse in a plasma can perturb both ion and electron density. For sufficiently short pulses, we may neglect the perturbation of the ion density produced by the pulse and consider ions as an immobile, positive neutralizing background. A ponderomotive force due to beating of incident and scattered EM waves (1) excites a perturbation of the electron density c.c. ). The short-wavelength EPW (2) is responsible for the stimulated Raman scattering of the laser radiation through large angles.
Stimulated Raman scattering through large angles, which produces relatively short-wavelength plasma waves (2), can occur in a plasma in the presence of long-wavelength electron plasma oscillations. These oscillations, which vary in space slowly if compared with , are responsible for such phenomena as the self-modulation of radiation and the wakefield excitation [22] , [47] - [49] . In plasma-based accelerators [10] , the laser-driven LW EPW can produce electron density perturbations of order of tens of percent of the background electron density.
We investigate the LA SRS in the presence of a linear LW EPW in terms of the coupled mode equations whose derivation is outlined in the Appendix. These equations are derived for the amplitudes of the scattered EM field and scattering EPW, and they include the quiver velocity of electrons in a linear LW EPW ( known, the electron density perturbation in the LW EPW can be retrieved using the linear continuity equation). The basic equations read as (3) (4) In (3), is a group velocity of the scattered EM wave (we consider below the strongly rarefied plasma and accept ). The characteristic Bohm-Gross frequency of scattering plasma waves can be expressed through the electron temperature as (5) where MeV. Note that (4) is nonlinear in the electron quiver velocity , which must obey the condition [see the Appendix, (43)]. In case the laser pulse and the LW EPW are both given, (3) and (4) form the basis of a linear theory of the LA SRS in plasmas.
III. DISPERSION ANALYSIS

A. General Dispersion Relation
Before proceeding to the dispersion analysis, we exclude the velocity from the second-order differential operator of (4) using a unitary replacement (6) (7) which accounts for the phase modulation of the decay waves. Because the transformation (6) preserves the absolute value, the instability onset may be studied in terms of the amplitudes . Instead of and , it is convenient to use variables and of the frame of reference comoving with the pulse ( remains the same in both frames). When the change of variables is made, the equations for the amplitudes of the modulated waves read as (8) (9) Here, and . We consider below a given shape of both laser pulse and LW EPW, thus, neglecting their evolution on time scales of interest. It was shown [9] , [37] , [38] that the time interval is required for the steady-state spatial amplification in the comoving frame to be established. It can be shown [9] , [37] , [38] that the purely 1-D regime of spatial amplification dominates in a plasma, if the transverse dimension of a pulse is large enough to satisfy the inequality . Further, we treat this 1-D regime and determine the increments of the spatial growth in the comoving frame, thus, ignoring boundary conditions at and the spatial domain of two-dimensional (2-D) growth. In such a way, we determine the maximum possible amplification of the unstable waves in the comoving frame, rather than an exact structure of the scattered EM field, which depends on both the shape of the laser pulse and boundary-value conditions at the pulse side boundaries.
To investigate the 1-D regime of the spatial amplification, we choose a 1-D rectangular longitudinal profile of the pulse (10) where is a unit complex vector of the laser polarization and is a constant amplitude of the pump wave in the region and is zero outside this interval. In such a way, the pump wave is assumed to be a plane wave; that is, the spatial variation of the envelope transverse to the wave vector is neglected. The laser pulse, which propagates through an unperturbed plasma, encounters free thermal fluctuations of electron density. These fluctuations may be amplified inside the pulse, the unstable modes growing toward the pulse trailing edge. The steady-state amplification is described by the solution to the boundary-value problem for the set (8) and (9) . The boundary-value conditions for this problem are formulated below.
In the absence of radiation in the unperturbed plasma ahead of the pulse, thermal fluctuations of an electron density with characteristic wave vector close to may be approximated by the solution to the free (4), in which (11) We apply the Fourier transform with respect to the variable to the expression (11), and we change the variables in the resulting expression. As a result, we get (12) where . Expression (12) is a Fourier transform with respect to the time variable in the comoving frame of reference. The laser pulse occupies the region , and the amplitude and its derivative must be continuous at the leading edge of the pulse (13) (14) Ahead of the pulse, the intensity of free thermal fluctuations of the EM field with a frequency close to is assumed to be zero (15) We take the electron velocity , which corresponds to the free, linear, 1-D LW EPW, in the form (16) The constant amplitude of the long-wavelength density perturbation subject to the limitation [see the Appendix, (43) ]. In general, may have an arbitrary value that is small compared with . Then, in the comoving frame, the long-wavelength density perturbation oscillates at the frequency . We take below , thus, choosing the linear LW EPW, which is stationary in the comoving frame of reference. We substitute (10) and (16) into (8) and (9) and, according to the form of the boundary conditions (12) , make the Fourier transform of the steady (in the comoving frame) solution to the boundary-value problem with respect to the variables and (passing to the variables and )
with and real. Then, we represent the Fourier transformants in the Floquet form (19) which provides the three-term recurrent relation for the amplitudes In the representation (19) , is a complex number, which is the th solution to the dispersion equation to the set (20)
The positive imaginary part of [ ] is an increment of a spatial growth in the comoving frame as a function of a real frequency shift .
To describe the scattered EM field behind the pulse ( ), we use the free (3), in which the change of variables is made. Using the continuity of the scattered radiation at the pulse trailing boundary (see also [6] ), and returning to the variables of the laboratory frame in the obtained solution, we get (27) Equation (27) associates the frequency shift with the frequency of the scattered light detected in the laboratory frame
The spectrum of EM radiation in a rear plasma (27) includes the modes corresponding to the frequency domains of the spatial amplification [i.e., the frequency ranges in which the dispersion relation (26) has complex solutions]. It is clear from the expansion (19) that a large amount of daughter waves is involved in the process of scattering. Nevertheless, the EM field in a free plasma behind the pulse (27) does not possess such a complex modal structure because of a phase synchronism of the sidebands at the pulse trailing edge. Because the modulation of the solution inside the pulse occurs only with respect to the -variable only (this is the case when the phase velocity of the LW EPW equals the pulse group velocity), the EM field at will be nonmodulated with respect to time in the comoving frame, and hence, the solution in a free plasma will be also nonmodulated. Note, however, that for the nonstationary LW EPW in the comoving frame, i.e., for , the spectrum of the scattered radiation will include the sidebands shifted to integer multiples of [20] . The sidebands will be distinct when this frequency shift exceeds the width of the frequency domain of instability, and it will merge if . The frequency domains of instability, which are very different under the conditions of weak ( ) and strong coupling ( ), will be determined, and the increments will be found in Sections III-B and III-C.
B. Weakly Coupled LA SRS
In the limit , searching for the complex roots of (26) will be performed in the domains of the parameters ,
, and , such that either the relations and or and are satisfied. It is clear [use (28) ] that the frequency of the scattered light, which corresponds to the first of those regions, lies in the vicinity of the Stokes frequency , and the other domain of parameters corresponds to the anti-Stokes domain near . For , we keep in (19) the fundamental terms (
) and the sidebands with . This means that four additional waves participate now in the scattering process. The electromagnetic sidebands have frequencies and are still close to the normal modes. On the contrary, the low-frequency satellites with frequencies are not normal modes, and they can be excited only at the expense of the original normal mode of plasma oscillations (having a resonant Bohm-Gross frequency , which is resonantly involved in the scattering process. [The modal structure of short-wavelength plasma waves in the presence of a linear small-amplitude ( ) LW EPW is shown in the Appendix, (45) .] The six-wave scattering process is described now in terms of the reduced form of the dispersion equation (26) (29) We can easily check that for , the anti-Stokes branch is missing [(29) admits no complex solutions in that range of parameters], whereas in the Stokes domain, the unstable modes grow in the pulse frame with the following increment: (30) where , . The spatial increment (30) achieves the maximum value at the Stokes frequency , other parameters given. In the cold plasma without LW EPW (then, , and ), the maximum possible value of a coefficient of amplification , where , can be achieved. The coefficient of amplification corresponds to the direct backscattering and to the scattering through an arbitrary angle in the plane orthogonal to the direction of laser polarization [i.e., ]. For nonzero , the thermal correction to the frequency (5) of the scattering plasma waves slightly reduces the increment by the factor . It is clear from (30) that excitation of the pair of new low-frequency waves (not normal modes) reduces the increment by the factor . The reduction is small until , when we can account for the nearest sidebands. For larger , the amount of new waves-participants of the scattering process-grows, and their effect on the coefficient of amplification becomes more pronounced.
When , we will find the solutions to the full dispersion equation (26) . The complex solutions are searched for, as above, in both Stokes and anti-Stokes domains, and in this case, (26) may be simplified and reduced to the form of the finite algebraic equation (31) where and We consider below the scattering in the plane orthogonal to the direction of linear polarization of the laser, where the coupling coefficient achieves the maximum value independent on the scattering angle. The increments of the spatial growth corresponding to the Stokes and anti-Stokes domains are found by solving (31) numerically. We plot in Fig. 1 the positive imaginary parts of the roots of (31), which correspond to both Stokes ( ) and anti-Stokes ( ) frequencies versus normalized amplitude of the long-wavelength density perturbation.
The primary effect of the LW EPW on the LA SRS is that the maximum increment in the Stokes domain reduces to zero when . The effect of suppression is insensitive to the variation of the scattering angle near [compare dependencies shown in Fig. 1(a) for and ]. Although the Stokes increment may be nonzero for some values such that , it is always less than the maximum possible value achieved in the cold plasma ( ) without LW EPW. When exceeds , the complex solutions of (31) appear in the anti-Stokes region. However, the increment given by this solution is less than [see Fig. 1(b) and (d) ]. For nonzero plasma temperature [see Fig. 1(c) and (d) ], both suppression of the Stokes and generation of the anti-Stokes branches of the instability do not subject to substantial changes.
An opportunity to create the wakefield intense enough to suppress the LA SRS occurs when the resonant self-modulation of the laser pulse develops (see [22] , [47] - [49] , and [10] and the references therein). Then, the amplitude of LW EPW can achieve tens of percent of the background electron density even for nonrelativistic laser intensity corresponding to the condition of weak coupling [29] . So, the suppression of the LA SRS, which is predicted above, admits an experimental verification.
C. Strongly Coupled LA SRS
In the limit , scattering plasma waves are not normal modes. In a plasma without LW EPW, the scattered radiation has a widespread spectrum extended to the blue side . The maximum value of the increment corresponds to the frequency as follows from the dispersion equation
. It is clear [see (24) ] that for , the increment is independent on angle. When a plasma is perturbed by a small-amplitude LW EPW such that , we may describe the instability using (29) . For , the increment of the instability given by the solution to this dispersion equation reads as (32) Equation (32) is useful for estimation of the effect of an LW EPW on the strongly coupled LA SRS even far beyond its strict validity region. So, (32) predicts a decrease in when becomes of order , or . This prediction is confirmed by the results of numerical solution to the general dispersion equation (26) . We solved this equation for and have established in that range the relation (33) i.e., the maximum of the increment proves to be reduced by nearly one-half when . To demonstrate the effect of suppression, we show in Fig. 2 the dependencies versus for two values and of the scattering angle ( is taken to be zero and ). We may check the ratio (33) against the dependence shown in Fig. 2 . Note that decrease in the scattering angle just slightly modifies the suppression, making the effect less pronounced.
We can directly apply this result to the physical situation, when the LW EPW is excited by the leading front of a short laser pulse with a rectangular envelope [28] , [52] , [53] . Then, inside the pulse, the LW EPW amplitude is constant and equals , so that . Under the conditions of strong coupling, this value is significantly larger than that is necessary to halve the maximum increment [i.e., ], and we may expect the notable decline in the increment under such circumstances. Using the dependencies plotted in Fig. 2 , it can be established that the maximum increment corresponding to equals approximately one-fifth of the increment in an unperturbed plasma. This means that complete suppression is not the case, but the increment reduction is dramatic. It should be remembered, though, that a limitation on an LW EPW amplitude , which arises from the requirement of the linearity of the LW EPW, necessitates for the condition of strongly rarefied plasma, namely, , or . In a more dense plasma, the effect of harmonics of an LW EPW should be taken into account (see the Appendix), which can drastically modify the effect of LW EPW on the scattering process. This can be seen in the results of [25] and [50] , where the BSRS of a short ( ), relativistically strong ( ) laser pulse generating a strongly nonlinear LW EPW was considered. In the regimes, corresponding to the parameter regions (hence, ), and , significant variations of a spectral shape of BSRS depending on a pulse length and intensity were established instead of suppression of the instability.
IV. CONCLUSION
In the present paper, the analytical dispersion analysis of the LA SRS of a short laser pulse in an underdense plasma, which is perturbed by a linear long-wavelength electron plasma wave, was performed under the conditions of weak and strong coupling. The present work was aimed at calculation of the increments of spatial growth in the comoving frame of reference rather than at obtaining the exact structure of the scattered radiation and calculation of the SRS reflectivity, which need account for exact shape of the laser pulse. The increments of spatial growth in the frame of reference comoving with the pulse, which determine the maximum of the possible amplification of scattered radiation, were found. The obtained increments achieve their maxima for scattering in the plane orthogonal to the direction of the linear polarization of the laser. In the absence of the LW EPW in the cold plasma, these maxima are independent on the scattering angle.
The presence of the LW EPW in a plasma causes the phase modulation of the waves, which participate in the scattering process, and it makes the LA SRS a substantially multiwave process, which can be strongly suppressed. The cause of suppression of the instability in the presence of an LW EPW is excitation in the spectrum of the scattering plasma waves of a number of sidebands, which are not normal modes. The energy loss of the resonantly excited normal mode due to the excitation of these sidebands can completely suppress the instability. We have considered the suppression of the instability in the presence of the linear LW EPW whose phase velocity coincides with the group velocity of a laser pulse.
When the normalized electron density perturbation in the LW EPW exceeds the ratio of the electron plasma frequency to the laser frequency, the spatial increment of weakly coupled LA SRS, which corresponds to the Stokes band of the scattered light, drops to zero, whereas an additional anti-Stokes band appears in the spectrum of scattered radiation. The maximum value of the increment of spatial growth, which corresponds to the anti-Stokes band, is always less than the maximum of the original increment of the instability in a plasma without LW EPW.
Under the condition of strong coupling, the LA SRS is a nonresonant process even in an unperturbed plasma and the instability subject to suppression for a significantly larger value of a density perturbation in an LW EPW; that is, . When the linear LW EPW is generated by the rectangular laser pulse [ ], the maximum increment of the instability can be reduced by several times. However, complete suppression of the instability under the conditions of strong coupling is not the case.
The phenomenon of suppression of the LA SRS by means of an LW EPW might play a positive role in the performance of the self-modulated laser wakefield accelerator [10] , when a laser pulse amplitude satisfies the condition of the weakly coupled regime of the LA SRS [29] . The large-amplitude LW EPW excited in such an accelerator suppresses the LA SRS and, hence, reduces the laser pulse energy depletion and erosion of its form due to this instability.
APPENDIX DERIVATION OF BASIC COUPLED MODE EQUATIONS FOR LA SRS IN THE PRESENCE OF LARGE-SCALE ELECTRON DENSITY PERTURBATIONS
We derive here the basic equations, which describe the LA SRS of a laser pulse in an underdense plasma under the assumption that a plasma is perturbed by an LW EPW whose characteristic wavelength strongly exceeds the laser wavelength.
The electron plasma in an HF electromagnetic field (1) performs both "fast" and "slow" motions, the characteristic time scale of these motions being and , respectively. The nonrelativistic hydrodynamics of the electron plasma gives the following set of equations describing the "slow" motions of the electron fluid with a temperature in a HF field:
where is a normalized HF electric field defined as (1), is an electron density perturbation slow varying on scale , and ; means the average value over the laser period . According to the spatial dependence of the time-averaged ponderomotive potential, we represent the solution to (34)- (36) in the form c.c.
where , . The terms in round brackets are responsible for the SRS of laser radiation. We presume that the beat period of laser and scattered radiation is of order . Then, the spatial scales of variation of quantities labeled as "LW" ("long-wavelength") and " " ("scatter") can be separated. Substituting (37) into (34)- (36) under the assumption that , , and
, we obtain, in the linear approximation in , the single equation for the envelope of the scattering plasma waves (38) The quantities and may be either given or determined self-consistently. The equation (3) for the envelope of the scattered radiation follows from the Maxwell equations under the assumption that . In the present paper, we consider the LA SRS in the presence of large-scale electron density perturbations produced by the given LW EPW. Note that (38) is nonlinear in the quiver velocity of electrons in an LW EPW. In turn, the nonlinear relation between and exists even in a nonrelativistic limit . Below, we determine the validity condition for the linear approximation of the LW EPW in (38) .
It is clear from (38) that the modification of the SRS in the presence of the LW EPW occurs due to the effect of the LW EPW on the scattering plasma waves. Let us consider the short-wavelength EPWs ( ) in a plasma without radiation ( ) and examine the coupling of these waves to the given weakly nonlinear LW EPW having relativistic phase velocity. The highest nonlinearity of such an LW EPW, which can be treated in terms of fully nonrelativistic equations (34)- (36) , is second order in (description of the higher order nonlinearities needs account for the relativistic corrections [30] ). In the 1-D case, the electron quiver velocity in such a wave reads [30] as (39) where is a constant amplitude of a density perturbation in the LW EPW, and , (for the sake of simplicity, we presume the phase velocity of the linear wave equal to the speed of light in a vacuum). Solving the free equation (38) with an account of (39) and keeping the terms of order , we arrive at the expression for the short-wavelength free electron plasma modes c.c. (40) where are some arbitrary functions, , and
where The phase modulation produced by the second harmonic of the LW EPW (39) is negligible when , which is the case for (note that is possible under this condition). The short-wavelength EPW, which participate in the LA SRS, possesses the characteristic wavenumber ; hence, to neglect the effect of the LW EPW nonlinearity on the SRS process, the following condition must be fulfilled: (43) When the inequality (43) holds, the terms in (38) , which produce the nonlinear phase component , may be omitted, leading to the final form (4) of the equation for the scattering plasma waves.
To conclude with, let us examine the modal structure of the short-wavelength free plasma modes in the presence of the given weakly, nonlinear LW EPW. The modal structure of the shortwavelength modes, which follows from (40), reads as c.c.
where are ordinary Bessel's functions. From (44) , it is clear that the spectrum of the short-wavelength EPW in the presence of the weakly nonlinear LW EPW (39) consists of a number of sidebands shifted to integer multiples of the frequency and wavenumber of the LW EPW with respect to the original normal modes ( ). When [i.e., ], the amplitude of the sidebands becomes of order of the amplitudes of the fundamental modes (
). This coincides with the conclusions of [26] and [51] , where the coupling was considered between the electron plasma waves having almost the same frequency but strongly differing in wavenumbers. Finally, let us obtain the modal structure of the short-wavelength modes in the case of weak modulation; we set and in (44) and make a series expansion in powers of keeping the terms up to the second order (45) which exactly coincides with the modal structure obtained in [26] and [51] from a Lagrangian theory.
